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ABSTRACT
Objective: To determine if the metabolic cost of the
incremental shuttle-walking test protocol is the same
as treadmill walking or predicted values of walking-
speed equations.
Setting: Primary care (community-based cardiac
rehabilitation).
Participants: Eight Caucasian cardiac rehabilitation
patients (7 males) with a mean age of 67±5.2 years.
Primary and secondary outcome measures:
Oxygen consumption, metabolic power and energy
cost of walking during treadmill and shuttle walking
performed in a balanced order with 1 week between
trials.
Results: Average overall energy cost per metre was
higher during treadmill walking (3.22±0.55 J kg/m)
than during shuttle walking (3.00±0.41 J kg/m). There
were significant post hoc effects at 0.67 m/s (p<0.004)
and 0.84 m/s (p<0.001), where the energy cost of
treadmill walking was significantly higher than that of
shuttle walking. This pattern was reversed at walking
speeds 1.52 m/s (p<0.042) and 1.69 m/s (p<0.007)
where shuttle walking had a greater energy cost per
metre than treadmill walking. At all walking speeds, the
energy cost of shuttle walking was higher than that
predicted using the American College of Sports
Medicine walking equations.
Conclusions: The energetic demands of shuttle
walking were fundamentally different from those of
treadmill walking and should not be directly compared.
We warn against estimating the metabolic cost of the
incremental shuttle-walking test using the current
walking-speed equations.
INTRODUCTION
Since its conception as an alternative to
incremental treadmill testing of patients with
chronic obstructive pulmonary disease, the
incremental shuttle-walking test (ISWT) has
gained popularity as an estimate of func-
tional capacity in numerous clinical popula-
tions. The ISWT appears adequately reliable1
and is sensitive to changes in functional cap-
acity.2 3 However, the ISWT’s validity as an
estimate of cardiovascular ﬁtness is only
moderate,3 and the use of the test to esti-
mate oxygen consumption exercise capacity
in metabolic equivalents (METs) is
questionable.4
Woolf-May and Ferret4 reported acceptable
agreement between the energy cost of tread-
mill walking and the ISWT in healthy volun-
teers using linear regression analyses, but did
not assess this relationship in cardiac
patients. The authors reported higher energy
demands of shuttle walking in cardiac
patients compared with healthy controls.
They suggested this may be due to poorer
walking economy in the former; they did not
report walking economy during ISWT or
make comparisons between shuttle-walking
and treadmill-walking economy.
Strengths and limitations of this study
▪ We provide the first direct comparison of the
metabolic cost of shuttle walking and treadmill
walking in cardiac patients.
▪ Our data suggest that metabolic demands of
these exercise modalities appear fundamentally
different.
▪ We suggest that current methods to estimate the
metabolic cost of shuttle walking are flawed. We
warn against risk stratification of cardiac patients
based on estimated oxygen costs using the
American College of Sports Medicine walking
equations during the incremental shuttle-walking
test.
▪ The sample size limits generalisability, particu-
larly in female patients who are not represented
at higher walking speeds—a larger study of
metabolic cost of the incremental shuttle-walking
test is warranted.
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Treadmill-walking and shuttle-walking tests are rou-
tinely used to assess patients with cardiovascular disease
and we have previously reported discrete values for
change in ﬁtness measured using these tests.5 Prior to
undertaking a proposed multicentre study to identify
predictors of change in cardiorespiratory ﬁtness due to
cardiac rehabilitation, we performed the present pilot
study. We examined whether there were differences in
the metabolic demands and energy cost of treadmill and
shuttle walking in cardiac rehabilitation patients in
order to determine whether we could combine data
from these tests in our multicentre study. We also com-
pared metabolic cost of the ISWT with values predicted
from treadmill-walking equations6 and published
estimates.4 7
METHODS
Participants (n=8; 7 males; 67±5.2 years: 86.6±10.1 kg)
were stable cardiac patients attending community-based
rehabilitation following elective cardiac revascularisation.
All patients gave written, informed consent.
Equipment
The ISWT was performed on a non-slip ﬂoor using two
cones placed 9 m apart and a portable CD player. The
treadmill test was performed on a motorised treadmill
(Quaser, HP Cosmos, Nussdorf, Germany). During both
tests a portable gas analyser (K4b2 Mobile Breath by
Breath Metabolic System, COSMED Pulmonary Function
Equipment, Rome, Italy) was used to record expired gas
collected via a face and nose mask (Hans Rudolph,
Shawnee, Kansas, US A). This was calibrated using gases
of a known concentration and a syringe before each test.
Protocol
Patients completed the ISWT and the treadmill test in a
balanced order with 1 week between trials. The ISWT
was performed in accordance with national recommen-
dations for cardiac patients.8 Brieﬂy, the 12-stage proto-
col starts at a walking speed of 0.5 m/s (1.12 mph) and
increases by 0.17 m/s (0.38 mph) each minute. An iden-
tical incremental protocol was programmed into the
treadmill. Patients were accustomed to treadmill walking
but received a brief period of familiarisation in which
they were required to walk without holding the treadmill
handles before the ISWT protocol was also performed.
Calculation of metabolic power and energy cost of walking
We assumed a standard resting metabolic rate of 4 mL/
kg/min based on reference standards.9 Metabolic power
was then calculated via indirect calorimetry from _VO2
and _VCO2 above rest and from body mass: metabolic
power [W/kg]=( _VO2 - _VO2rest) [mL/kg/s] respiratory
exchange ratio adjusted caloric equivalent [J/mL].10 11
To analyse the relationship between speed and meta-
bolic power of walking, the metabolic power was
predicted as a quadratic function of speed: metabolic
power=a+b v2.10 12–16 The energy cost of walking per
metre distance was calculated by: energy cost [J/kg/m]
=metabolic power [W/kg]/speed [m/s].10 11 17
Statistical analyses
Descriptive results are presented as mean±SD. A test
modality-by-walking speed analysis of variance (ANOVA)
with shuttle versus treadmill walking as within-participants
factor and walking speed as the between-participants
factor was performed. Signiﬁcant interactions and main
effects were further analysed using one-way ANOVA and
paired samples t tests as appropriate. Based on the clas-
sical descriptions of walking energy cost,18–20 non-linear
regression models were chosen to identify signiﬁcant
inter-relationships between metabolic power, energy cost
per metre and walking speed, respectively. All analyses
were completed using SPSS V.19.0 (SPSS Inc and IBM
Company, Chicago, Illinois, USA) and statistical signiﬁ-
cance was deﬁned as p<0.05.
RESULTS
Figure 1 shows the oxygen uptake at each of seven stages
completed by at least seven patients. There was a signiﬁ-
cant main effect for walking speed on oxygen uptake
and a signiﬁcant interaction between treadmill walking
and shuttle walking on the ground. Oxygen uptake was
higher in treadmill walking than shuttle walking at
0.67 m/s (p=0.006; n=8) and 0.84 m/s (p=0.003; n=8)
but the signiﬁcantly steeper increases in oxygen demand
during shuttle walking meant the opposite was true at
1.69 m/s (p<0.006; n=7).
Figure 2 shows the metabolic power of treadmill
walking and shuttle walking. There was a main effect for
walking speed on metabolic power during treadmill as
well as shuttle walking (p<0.05). The different effects of
walking modality on metabolic power were more pro-
nounced if power was predicted as a function of walking
Figure 1 The oxygen uptake of treadmill walking (black line)
and shuttle walking (grey line) at each of the seven stages; *
treadmill walking different from shuttle walking, p<0.05.
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speed with power treadmill walking=2.028+1.115 v2 and
power shuttle walking on the ground=1.126+1.665 v2
where 99% of the variance of power was explained by
the quadratic curve ﬁts in both modalities (both
p<0.001). The difference in response to each modality
was indicated by a signiﬁcant interaction between modal-
ity and speed. There were signiﬁcantly higher metabolic
power requirements for treadmill walking at 0.67 m/s
(p<0.004; n=8) and 0.84 m/s (p<0.001; n=8). Owing to
the steeper increase observed in shuttle walking the
metabolic power was signiﬁcantly higher at 1.52 m/s
(p=0.042; n=7) and 1.69 m/s (p=0.007; n=7) compared
with treadmill walking.
Figure 3 shows the relative energy cost (per metre) of
walking for both modalities. There were signiﬁcant main
effects for modality and speed in relative energy cost of
walking, which was well described as a function of speed
by the above approximated parameters for both walking
modalities (energy cost treadmill walking=2.028/v+1.115
v and energy cost shuttle walking on the ground=1.126/
v+1.665 v; both p<0.001). Average overall energy cost per
metre (kg/m) was higher during treadmill walking (3.22
±0.55 J kg/m) than during shuttle walking (3.00
±0.41 J kg/m). There were signiﬁcant post hoc effects at
0.67 m/s (p<0.004; n=8) and 0.84 m/s (p<0.001; n=8),
where the energy cost of treadmill walking was higher
than that of shuttle walking. Again, this pattern was
reversed at higher walking speeds of 1.52 m/s (p<0.042)
and 1.69 m/s (p<0.007) where shuttle walking had a
greater energy cost per metre (for the n=7 patients
achieving this level) than treadmill walking.
DISCUSSION
This is the ﬁrst comparative investigation of the meta-
bolic demands and energy cost per metre walking of
incremental treadmill walking and shuttle walking in
cardiac rehabilitation patients. We found differences in
the oxygen requirements and energy cost of shuttle and
treadmill walking large enough to suggest results from
these exercise modalities should not be pooled in any
future analyses.
Economy and energy requirements recorded during
level 1 are difﬁcult to interpret as they are most affected
by oxygen kinetics and patients’ unusually long stance
phase during their gait cycle at this very slow walking
speed and were excluded from our ﬁgures. The change
in walking energy cost per metre on the treadmill show
the expected pattern. Slow speeds are associated with
higher cost per metre, which decreases as optimal (com-
fortable) walking speed approaches. Continuing to
increase walking speed above this pace requires a
greater cost per metre. In contrast to this, the energy
cost per metre in shuttle walking decreases only very
little and only following the ﬁrst (very slow) walking
pace in the initial stage. The energy cost then increases
stage-by-stage throughout the protocol. The cost is only
consistent between treadmill and shuttle walking
between 1.2 and 1.4 m/s (close to comfortable walking
speed) and the increase in energy requirements is much
greater in shuttle walking. Based on these pilot data, we
intend to report cardiorespiratory ﬁtness values separ-
ately according to test modality and recommend this
practice to others.
The classical description of the energy cost during loco-
motion is of a U-shaped relationship18—as speed increases
or decreases from the optimal (1.11–1.3 m/s18–20) the
energy cost of locomotion increases. For the treadmill
protocol our data support this relationship. At slow
speeds (0.6–0.8 m/s), energy cost was greater than at
optimal speeds (1.2–1.4 m/s). As walking speed
increased (1.6–1.8 m/s) the energy cost again began to
increase. This is comparable to Berryman et al,21 who
reported a similar energy cost pattern for their
Figure 3 Energy cost above rest (CN) per metre distance of
treadmill walking (black line) and shuttle walking (grey line) at
each of the seven stages, * treadmill walking different from
shuttle walking, p<0.05.
Figure 2 Metabolic power above rest (PN) of treadmill
walking (black line) and shuttle walking (grey line) at each of
the seven stages, * treadmill walking different from shuttle
walking, p<0.05.
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participants (healthy elderly aged 68.9±4.6 years) when
walking on a treadmill at speeds ranging from 0.67–
1.56 m/s and the optimal walking speed was 1.33 m/s.
Furthermore, our results also suggest that at lower
speeds (0.50–0.84 m/s), the energy cost of walking on a
treadmill is greater than on the ground. Berryman
et al21 also showed that there was greater energy cost of
treadmill walking compared with ground walking at all
the speeds they tested. The reason for the increased
energy cost may be due to a greater need for stabilisa-
tion via muscular contraction while treadmill walking
than when walking on the ground.21
Conversely, the oxygen requirements of shuttle
walking are comparatively higher from level 7 (1.52 m/
s) onwards than for treadmill walking at the same speed.
The requirements are also much higher (18 mL/kg/
min) than the value predicted by the American College
of Sports Medicine (ACSM) walking speed equations6
(12.6 mL/kg/min) that are used to estimate cardio-
respiratory ﬁtness from ISWT performance.4 In addition
to differences in oxygen requirements of ground and
treadmill walking, shuttle walking may have a higher cost
due to repeated acceleration/deceleration phases or the
negotiation of turns.7 We propose, therefore, that any
clinical cut-offs for walking tests should be developed
using the same testing modality as those for which they
are proposed for use in (ie, treadmill or ground).
Cardiac patients’ exercise capacity is commonly
expressed as METs. We calculated metabolic cost in
METs (gross _VO2 [mL/kg/min]/3.5) and compared
MET values at all ISWT stages with those reported previ-
ously4 and the ACSM-predicted values (table 1). It
should be noted that the values predicted using the
ACSM walking equations by Woolf-May and Ferret4 are
incorrect. The MET values they reported in cardiac
patients are almost double the predicted values using
the ACSM equations and much higher than those
reported presently. Woolf-May and Ferrett’s4 MET values
further appear anomalous as they are more than double
those of age-matched controls and signiﬁcantly higher
than recently reported values in cardiac patients during
the ISWT.7 These latter values7 do, however, broadly
agree with those presently reported.
Current recommendations suggest patients be classed
as high risk if their exercise capacity is <5 METs. Failure
to reach this criterion standard may lead to patients
being prevented from entering community-based
rehabilitation.22 Woolf-May and Ferret’s4 suggestion that
ISWT level 4 elicits a 5 MET energy cost in cardiac
patients is inconsistent with recent data from Woolf-May
and Meadows7 and those of the present study, both of
which suggest the 5 MET threshold is nearer level 7 or 8.
Fitter patients can be successfully ‘fast tracked’ to com-
munity rehabilitation, saving capacity and money to the
health providers.23 However, where exactly in the ISWT
protocol this threshold occurs should be determined in
a larger, more representative cohort of cardiac patients.
Beyond level 7 (1.52 m/s, 3.8 mph) shuttle walking
incurred an additional extra energy cost compared with
treadmill walking, which may make it difﬁcult to show
small improvements in functional capacity if reported as
estimated MET values. The exercise capacity of cardiac
patients measured before outpatient rehabilitation tends
to be lower when estimated from ISWT24 than when
standard treadmill protocols are used.25 26
Study limitations and conclusions
Along with sample size, this study is also limited due to
including predominantly male patients and indeed only
including data from male participants at the highest
Table 1 Comparison of predicted values, published values and measured metabolic cost (METs) of the incremental
shuttle-walking test
ISWT protocol
level
Walking
speed (m/s)
ACSM predicted
METs
Published
ISWT METs
Recorded METs:
treadmill walking
Mean (range)
Recorded METs:
shuttle walking
Mean (range)
1 0.50 1.9 3.0 2.3 (1.6–2.6) 2.0 (1.6–2.2)
2 0.67 2.1 3.7 3.3 (2.8–4.0) 2.7 (2.5–3.1)
3 0.84 2.4 4.4 3.6 (3.1–4.3) 3.1 (2.8–3.3)
4 1.01 2.7 5.1 3.8 (3.2–4.6) 3.6 (3.2–3.8)
5 1.18 3.0 5.9 4.0 (3.6–4.7) 4.0 (3.6–4.6)
6 1.35 3.3 6.6 4.4 (4.3–5.9) 4.4 (4.0–4.9)
7 1.52 3.6 7.3 5.0 (4.6–6.2) 5.3 (4.8–5.6)
8 1.69 3.9 8.0 5.5 (5.0–6.7)* 6.1 (5.7–6.6)*
9 1.86 4.2 8.7 – –
10 2.03 4.5/7.9** 9.4 – –
11 2.20 4.8/8.5** 10.2 – –
12 2.37 5.1/9.1** 10.9 – –
ACSM, American College of Sports Medicine; ISWT, incremental shuttle walking test; MET, metabolic equivalent (calculated as: gross _VO2
[mL/kg/min]/3.5).
Published ISWT METs in cardiac patients from Woolf-May and Ferrett.4
*n=7 participants only. Predicted METs calculated using formula for walking or jogging** from ACSM.6
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walking speeds. The comparison of treadmill and shuttle
walking may have been improved by increasing treadmill
gradient, as is common practice. We omitted to do this
for comparability with previous work.4 6 The accuracy of
energy costs calculations would also be improved by
including a resting metabolic measure pre-exercise
instead of an assumed value of 4 mL/kg/m.9
In conclusion, the ISWT may have clinical utility as a
measure of functional capacity to use in exercise pre-
scription and patient monitoring, but we question its
use as an estimate of cardiorespiratory ﬁtness in
cardiac patients. Importantly, the ACSM walking equa-
tions grossly underestimate the actual energy cost of
shuttle walking and should not be used in research or
clinical practice. Our comparison using METs also
reveals that some published4 estimates of the ISWT’s
energy cost in cardiac patients appear erroneously
high. Given these two shortcomings, we strongly warn
against clinical decision-making or patient risk stratiﬁ-
cation based on achieving the 5 MET threshold esti-
mated using the ISWT. We recommend a more
accurate assessment of the ISWT’s energy cost be per-
formed in a larger, more generalisable sample of
cardiac patients.
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